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ABSTRACT

A low- powe rp r oce ss o rar ch ite c t ur ei sde s c r i be dd e d i c a t e d l y
fo r e mbe d d e da p p l i c a t i o np r o gr a msby me a n so fa n o bje c t
c od e c o mp r e s s i o na p p r o a ch . Th i sa p p r o a ch u n i �e sd u p l i -
c a t e di n s t r u c t i o n se xi s t i n gi nt h ee mbe d d e dp r o g r a ma n d
a s s i g n sa c o mp r e s s e do bj e c tc od et os u ch a ni n s t r u c t i o n .An
i n s t r u c t i o nd e c o mp r e s s o ri sc o n s t r u c t e ds oa st og e n e r a t ea n
o bj e c tc od ef r o me a ch c o mp r e s s e do bj e c tc od e( p s e u d oc od e )
i n p u t .A s i n g l e - ch i pi mp l e me nt a t i o no f t h i sd e c o mp r e s s o r
t o g e t h e rwi t ha p r oc e s s o rc o r ec a ne �e c t i ve l yr e d u c et h e
b a n d wi d t hr e qu i r e df o rt h eI/O i nt e r f a c e .To d e mo n s t r a t e
t h ep r a c t i c a b i l i ty o ft h ep r o po s e da p p r o a ch ,e x pe r i me nt sa r e
a p p l i e dt oa ne mbe d d e dp r oc e s s o rARM6 1 0 ,wh i ch a t t a i n s
6 2 . 5 %c od ec o mp r e s s i o n ,a n dh e n c e42 . 3%o ft h epowe rc o n -
s u mp t i o no fi n s t r u c t i o nme mo r yc a nbe r e d u c e d .

1 INTRODUCTI ON

Re c e nt l yt h ema r ke to fe mbe d d e dp r oc e s s o r si sg r owi n gr a p i d l y,
a c c o r d i n ga st h e r ei n c r e a s ed i � e r e nt d e ma n d sf o rt h e i ra p p l i -
c a t i o n st omo b i l ec o mp u t i n g ,c o n s u me re l e c t r o n i c s ,e t c [1 ,2 ].
Al t h o u g h4 - ,8 - ,a n d1 6 - b i tmi c r o p r oc e s s o r sh ave d o mi n a t e d
c o nve nt i o n a l l yt h ee mbe d d e dp r oc e s s o rma r ke t ,t h e s ea d -
va n c e da p p l i c a t i o n sr e q u i r en o to n l ymu ch h i g h e rpe r f o r -
ma n c eb u ta l s omo r ee x t e n s i ve ve r s a t i l i ty. I na d d i t i o n ,wi t h
t h er e c e nt a d va n c eo f t h ef a b r i c a t i o nt e ch n o l o g y, a ny o f
ARM a n dSPARC p r oc e s s o r sc a nbe s oo n r e p l a c e dby a n -
o t h e ro n et h r o u g ha r e n e wa l o f f a b r i c a t i o np r oc e s s ,wh i ch
h a ss p a c ee n o u g ht oa d mi ta va r i e ty o fa d d i t i o n a lf u n c t i o n s .

Th el ow- powe rc o n s u mp t i o ni so n eo ft h ema i ns u bj e c t s
f o rt h ee mbe d d e dp r oc e s s o r st obe u s e df o rpo r t a b l epe -
r i p h e r a l s ,s u ch a sPDAs ( Pe r s o n a lDi g i t a lAs s i s t a nt s )a n d
PHS s( Pe r s o n a lHa n d y - p h o n eS y s t e ms ) ,e s pe c i a l l yi nt e r ms
o fe n h a n c i n gt h e i rb a t t e r yl i ve s .Thu s t h el ow- powe rd e s i g n
h a sbe c o met h eke yf a c t o rf o re mbe d d e da p p l i c a t i o n s ,a n da
nu mbe ro fVLS Ia r ch i t e c t u r e sh ave be e np r o po s e d [ 3 ,4 ,5 ,6 ,
7 ,8 ] ,wi t ht h ema i nf oc u sp u to nl ow s u p p l yvo l t a g e ,t r a n s -
f e rg a t e s ,g a t e dc l ock s ,e t c .Howe ve r ,mo s to ft h e s ea r ch i t e c -

t u r e sa r eb a s e do ni nt r a - ch i pl e ve lpowe rs av i n g .Th i sme a n s
t h a tt h e r es t i l lr e ma i n smu ch r oo mf o rr e d u c i n gpowe rc o n -
s u mp t i o nt h r o u g hs y s t e ml e ve lpowe r s av i n gme ch a n i s ms ,
s u ch a sr e d u c t i o no fe x t e r n a lme mo r ys i ze ,s l owi n gd own o f
d r i ve s pe e df o rI / Oi nt e r f a c e s ,e t c .

Ge n e r a l l ya ne mbe d d e da p p l i c a t i o np r o g r a mu s e sa s u b -
s e to f t h ei n s t r u c t i o ns e tp r ov i d e dby a p r oc e s s o r ,a s c a n
be o f t e no b s e r ve di nCI S C( Co mp l e xI n s t r u c t i o nS e t sCo m-
p u t e r )p r oc e s s o r sa swe l la s i nRI S C( Re d u c e dI n s t r u c t i o n
S e t sCo mp u t e r )p r oc e s s o r s .He n c e ,i nt h i sp a pe r ,a n e wa p -
p r o a ch i sd e v i s e df o rt h es y s t e ml e ve ll ow- powe rc o n s u mp -
t i o n ,wh i ch i st or e d u c et h eb a n d wi d t h( i . e .t h eme mo r y
a c c e s s i n gs pe e da n d / o rt h ei n s t r u c t i o nb i twi d t h )r e q u i r e d
f o rt h eI / Oi nt e r f a c eby me a n so f c o mp r e s s i n gt h eo bj e c t
c od e sf o rs pe c i � ce mbe d d e da p p l i c a t i o np r o g r a ms .Th es y s -
t e ml e ve lpowe r s av i n gi st obe a ch i e ve dby r e d u c i n gt h e
d i s s i p a t e dpowe ro ft h ee x t e r n a lme mo r y. I na d d i t i o n ,s e e -
i n gt h a ta ne mbe d d e dp r oc e s s o rc a nbe e a s i l yi nt e g r a t e di n
a s i n g l ech i pwi t ht h eu s eo fs u ch a d d - o nc i r c u i t s ,t h eo bj e c t
c od e c o mp r e s s i o nc a nbe e � e c t i ve l ya p p l i e dt oe mbe d d e d
a p p l i c a t i o np r o g r a msr u no ne mbe d d e dp r oc e s s o r s .

2 OBJECT CODE COMPRES S I ON

Th eove r v i e wo ft h ee mbe d d e dp r oc e s s o rt obe d i s c u s s e di s
o u t l i n e di nFi g .1 , wh e r es pe c i � cf u n c t i o n a lu n i t s ,o n - ch i p
me mo r i e s ,e t c . ,a r ei nt e g r a t e dt o g e t h e rwi t ha p r oc e s s o rc o r e
i nt oa s i n g l ech i p .I ts h o u l dbe s t r e s s e dt h a tt h ep r oc e s s o ri s
u s u a l l ya c c o mp a n i e dwi t ht h ee x t e r n a lme mo r yt oc o nt a i n
o bj e c tc od ea n dd a t a .
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The approach to be descr ibed her ei nt endst o r educet he
power cons umpt i onfr omthe vi ewpoi nt of t he f oll owi ng f ac-
t or sof embeddedpr oces s or s .

� The mai n i s s uei s t o r educet he power cons umpt i on
of t he t ot als ys t emwhi ch i scompos edof t he ext er nal
memor y , i nt er f aces ,et c.

� The s i zeof each pr ogr amwhi ch r uns on t he pr oces s or
i sr el at i vel ysmal l .

� Addi t i onalci r cui t scanbe eas i l yi nt egr at edi nt oa chi p.

Taki ngaccount of t hes ef act or s ,t he power cons umpt i onof
t heext er nalmemor y canbe r egar dedas compar abl et o t hat
of t he embedded pr oces s or ,t hat i s ,t he r educt i onof power
cons umpt i onof t heext er nalmemor y gr eat l ya�ect st he s ys -
t eml evel power s avi ngof t he t ot als ys t em.

Now, i t s houl dbe r emar ked t hat a pr ogr amgener al l y
us es onl y a smal l par t of t he i ns t r uct i ons et pr ovi dedby
t he pr oces s or ,and mor eover t her ear emuch dupl i cat i onof
i ns t r uct i onsi nt he pr ogr am. In ot herwor ds ,a s etof much
s hor t eri ns t r uct i onsma y execut et he f unct i onsr equi r edf or
t he pr ogr am. An i ns t r uct i ondecompr es s ori ss ynt hes i zeds o
as t o gener at eobject codes f r omsuch s hor t eri ns t r uct i ons ,
whi ch canbe eas i l yi nt egr at edi nt o t heembeddedpr oces s or .

Bas ed on t hes econs i der at i ons ,an obj ectcompr es s i on
s cheme i scons t r uct edas out l i nedbel ow.

1
� Gi ven an embedded pr ogr amof m- bi twi dt h, t r acei t
t o get a s etG (:= fiji = 1; 2; :::;ng) of i ns t r uct i ons
wi t houtdupl i cat i on.

2
� As s i gna number i t o each di s t i ncti ns t r uct i onof G as
a l ogn- bi tcode.

3
� Cons t r ucta t abl et o t r ans f ormeach ps eudo code t o
anm- bi t - wi dei ns t r uct i on,and i mpl ement i ti nt he i n-
s t r uct i ondecompr es s or .

I n t hi sway, t he I /O bandwi dt h between t he pr oces s or
and t heext er nalmemor y i sr educed.I ft heext er nalmemor y
cont ai nst he ps eudo code i t s el f ,as i l l us t r at edi nFi g.2( a) ,
t he bi twi dt h acces s i ngt o t he memor y can be r educedt o
( l ogn) /m. I f a f ewps eudocodes ar egr ouped i nt o an m- bi t
code, as i ndi cat edi nFi g. 2( b) ,a s l ow s peed memor y can
be empl oyed. I n ei t hercas e,t he power cons umpt i onof t he
s ys t emcan be gr eat l yr educed.

The t r ans f ormt abl eof addr es s /i ns t r uct i oncanbe eas i l y
i mpl menet edby us i ngROM as s hown i nFi g.3. Wi t ht her e-
cent advance of t he f abl i cat i ont echnol ogy, t hememor y uni t
can be i nt agr at edon a pr oces s ordi e[9,10, 11], and hence
t he t r ans f ormt abl ecan be i ncor por at edi nt o t he embedded
pr oces s or .

The s o- cal l edThumb i ns t r uct i ons et [ 12]f oran ARM pr o-
ces s orcor ecan r educet he I /Obandwi dt hf orembeddedap-
pl i cat i onpr ogr ams .Thi s s cheme, however ,i nt r oducesa new
i ns t r uct i ons etcompos edof 36 16- bi toper at i oncodes dr awn
f r omthes t andar d32- bi tARM i ns t r uct i ons et ,f orwhi ch ad-
di t i onals of twar et ool s( i . e .compi l er ,as s embl er ,l i nker ,et c. )
s houl dbe devel oped. On t he cont r ar y, our appr oach neces -
s i t at esonl y s i mpl es of twar e t ool sf or t r aci ngof pr ogr ams ,
and s or t i ng,uni f yi ng,and number i ngof i ns t r uct i ons .Even-
t ual l y, our appr oach need nei t herdevi s ea new i ns t r uct i on
s etnor devel opel abor at es of twar e t ool s .
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3 FULLCODE/SUBCODE

COMPRESSION

Let us denot eby t he fullcode compr ession s cheme t he one
s t at edabove, whi ch i sper f ormedby a s er i esof s t eps1�, 2�,
and 3

�.
Cons i dert hat i n t he i ns t r uct i onf ormat , r egi s t er sand


ags ar e as s i gnedt o �xed pos i t i ons ,and l etus now i nt r o-
duce anot hersub code compr ession s cheme, i nwhi ch oper a-
t i oncodes can be compr es s eds i mi l ar l y, wi t h t he codes f or
r egi s t er sand 
ags bypas s i ngdi r ect l yt o t he pr oces s orcor e,
as s hown i nFi g.4.
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Fi gur e3: I ns t r uct i ondecompr es s orf orf ul l code compr es s i on.

Gener al l y, t he power di s s i pat i onof a memor y uni t de-
pends on t he ar eaoccupancy. Hence,t he power r educt i on
r at i oPf=o of t he i ns t r uct i onmemor y by t he f ul l code com-
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Figure 4: Instruction decompressor for sub code compres-
sion.

pression can be de�ned by

Pf=o = 1�
Ndlog ne+ knm

Nm
; (1)

where N , m, and n indicate the number of instrcutions for
original program, the bitwidth of original instruction, the
number of compressed instructions, respectively. In addi-
tion, k indicates the power dissipation ratio of the on-c hip
memory to the external memory , and actual ly k i s in the
range of 0:5 � k � 0:7.

In the same manner with this, the power reduction ratio
Psi=o of the instruction memory by the sub code compres-
sion, in whic h i register op erands are passed directly to the
pro cessor core, can be de�ned by

Psi=o = 1�
N(dlog n0e+ i l) + kn0(m� i l)

Nm
; (2)

where, l and n0 indicate the bitwidth of each register operands
and the number of compressed instructions, respectively.

4 EXPERIMENTAL RESULTS

The prop osed compression scheme has been applied to an
ARM610 pro cessor core. Fig. 5 outl ines the pro cess 
ow of
our ob ject code compression system. The existing software
dev elopmen t kit (ARMsdt) is emplo yed for tracing instruc-
tions, and the Peal for the data pro cessing. In the ful lcode
compression, only ob ject codes are input to this system,
whereas in the sub code compression, in addition to the ob-
ject codes, the instruction formats are also input to this
system, as indicated in Fig. 5. This system outputs either
ROM generated by memory compiler of COMPASS Design

Navi gatoror logic cel ls generated by VHDL synthesizer.
Several exp erimen ts ha ve been attampted by using a

number of embedded programs, such as the so-cal led Dhrys-
tone benc hmark (dhrystone) and an PDA operating system
�ITR ON (uitron), in order to observ e the practicabi l it y of
the prop osed scheme.

Table 1 shows a part of exp erimen tal results of the ful l -
code and sub code compressions. As summarized in Fig. 6,
the instruction trace outputs ob ject codes, frequencies of
their app earance together with percen tage. Fig. 7 i l lustrates
the transform table from the pseudo code to the ARM in-
struction. The power reduction ratio determined by equa-
tions (1) and (2) are summarized in Table 2, where the co-
e�cient k i s set to 0.7.

As for the PD A op erating system � ITR ON, the number
of instructions by the ful lcode compression is 4,026, each
assigned by 12-bit pseudo code. The compression ratio of
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ow of ob ject code compression.
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Figure 6: Instruction tracing result for Dhrystone.

bitwidth from 32 to 12 is 62.5%, and the power reduction
ratio of the instruction memory is 42.3%. Table 3 indicates
the implemen tation results of instruction decompressor for
�ITR ON. It should be remark able that the logic cel ls gener-
ation is especial ly e�ective in the case of sub code compres-
sion.

The imp ortan t bene�t is that the system can be con-
structed with the use of only one 16-bit external memory
chip. No w that only 8- or 16-bit memory chips are avai l -
able, in order to feed 32-bit instructions to the pro cessor
directly from the external memory , it should be necessary
to use four 8-bit memory chips or two 16-bit memory chips,
even though a single chip could su�cien tly supply the mem-
ory capacit y.

5 CONCLUS I ON

This pap er has describ ed a low-p ower consumption scheme
dedicated to embedded pro cessors by ob ject code compres-
sion. Adopting pseudo instructions in ob ject codes of em-
bedded programs and add-on circuits, system level power



Table 1: Experimental resul ts.
Program Ori gi nal Ful l code Sub code

Si ze i = 2 i = 3

dhrystone 6,733 3, 637 1, 992 1, 449
ui tron 13, 970 4, 026 1, 430 1, 140
armasm 41, 506 14, 563 6, 269 4, 544
armcc 117, 549 37, 095 14, 505 9, 591
arml i b 9, 136 4, 852 2, 667 1, 957
arml i nk 29, 050 12, 111 5, 844 4, 206
armmak e 10, 405 5, 326 2, 940 2, 117
armsd 93, 092 28, 572 11, 377 7, 494
armtool s(*) 300, 738 68, 418 23, 166 14, 384
runimage 124, 442 31, 587 9, 157 5, 337
awrender 13, 500 6, 985 3, 562 2, 602
imageext 4, 038 2, 295 1, 528 1, 208
fontdraw 2, 783 1, 831 1, 160 941

(*) armasm, armcc, arml i b, arml i nk, armmak e, armsd

0000 0000 0000
0000 0000 0001

1110 0011 0100

1110 0001 1010 0000 1111 0000 0000 1110 #(0xE1A0F00E)
1110 0011 0011 0000 0000 0000 0000 0000 #(0xE3300000)

1110 0010 0100 0010 0001 0000 0000 0001 #(0xE2421001)

pseudo code object code

Fi gure 7: Transform tabl e f rom pseudo code to ARM in-
structi on.

consumpti on i s saved f rom the vi ewp oi nt of processors and
external memory .
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